Thrombospondins (THBSs) are secreted glycoproteins that have key roles in interactions between cells and the extracellular matrix. Here, we describe the 2.6-Å -resolution crystal structure of the glycosylated signature domain of human THBS2, which includes three epidermal growth factor-like modules, 13 aspartate-rich repeats and a lectin-like module. These elements interact extensively to form three structural regions termed the stalk, wire and globe. The THBS2 signature domain is stabilized by these interactions and by a network of 30 bound Ca 2+ ions and 18 disulfide bonds. The structure suggests how genetic alterations of THBSs result in disease.
Thrombospondins (THBSs) are secreted glycoproteins that have key roles in interactions between cells and the extracellular matrix. Here, we describe the 2.6-Å -resolution crystal structure of the glycosylated signature domain of human THBS2, which includes three epidermal growth factor-like modules, 13 aspartate-rich repeats and a lectin-like module. These elements interact extensively to form three structural regions termed the stalk, wire and globe. The THBS2 signature domain is stabilized by these interactions and by a network of 30 bound Ca 2+ ions and 18 disulfide bonds. The structure suggests how genetic alterations of THBSs result in disease.
THBSs (also known as TSPs) are a family of five secreted multimodular metalloglycoproteins that have diverse roles in interactions between cells and the extracellular matrix 1 . For THBS2, these functions are crucial in such processes as synaptogenesis 2 , megakaryocytopoiesis 3 and the foreign body reaction 4 . All THBSs contain a highly conserved 'signature domain,' consisting of tandem epidermal growth factor-like (EGF-like) modules, aspartate-rich repeats and a lectin-like module, at their C termini (Fig. 1a) . These modules are conserved with great fidelity, as evidenced by a stretch of 458 residues in the signature domains of Drosophila melanogaster THBS and human THBS2 that is 60% identical without an insertion or deletion 5, 6 . Moreover, the signature domain contains the sites of polymorphisms and mutations linked to familial coronary artery disease and two skeletal disorders, pseudoachondroplasia (PSACH) and multiple epiphyseal dysplasia (EDM1) [7] [8] [9] , indicating their importance in normal cell biology. We set out to characterize the structure of the THBS signature domain and to explore the structural basis for the pathology associated with these mutations.
Here, we describe the 2.6-Å -resolution crystal structure of the complete glycosylated signature domain of human THBS2. The structure reveals the highly intertwined nature of the signature domain, which includes extensive interactions among the various parts of the molecule. The structure also suggests a molecular mechanism whereby known genetic alterations of THBSs result in disease.
RESULTS

Structure of the human THBS2 signature domain
The crystal structure of the signature domain of human THBS2 was solved using a combination of anomalous scattering and molecular replacement approaches ( Table 1) . Electron density maps, particularly those derived from molecular replacement using the structure of a fragment of the signature domain from THBS1 (ref. 10), were of high quality (Fig. 1b) and allowed modeling of the entire domain structure.
The overall structure of the THBS2 signature domain can be visually divided into three major features: the stalk, wire and globe ( Fig. 1c and Supplementary Fig. 1 online) . The stalk comprises the two N-terminal EGF-like modules (EGF1 and EGF2) and extends 60 Å from the base of the molecule. The wire, with a contour length of B170 Å , is formed by the repetitive aspartate-rich sequences draped around 26 Ca 2+ ions. The third EGF-like module (EGF3) serves as a clasp to close the circle formed by the wire. The globe consists of the lectin-like module suspended beneath the wire and EGF3. This arrangement creates a prominent opening, with dimensions of 14 Å Â 40 Å , between the wire and the globe.
Stalk, wire and globe elements
The EGF-like modules in the stalk are characterized by unusual cysteine spacing and by the binding of a Ca 2+ ion at their interface. Each module has disulfide connections between the first and third, second and fourth, and fifth and sixth cysteines, as is typical of the cEGF subtype 1 group 11 . However, two residues separate the fourth and fifth cysteines in both, whereas a single residue separates the cysteines in other EGF-like modules in this group ( Supplementary  Fig. 2 online) . This unusual spacing extends the axial lengths of EGF1 and EGF2 to 29.0 Å and 32.5 Å , respectively, and could prove important for the formation of distinctive interaction sites on their surfaces (Fig. 1c) . In addition, EGF2 forms a class A Ca 2+ -binding EGF-like module 12 and binds a single Ca 2+ ion (Fig. 2a and Supplementary Table 1 online) . The Ca 2+ ion is bound at the interface between the EGF-like modules in the stalk and probably stabilizes their coaxial alignment, as has been noted in other tandem Ca 2+ -binding EGF-like modules 12 .
The wire element comprises 13 aspartate-rich repeats that form individual globular folds connected in a disulfide bondstabilized 'beads on a string' arrangement (Fig. 1c) . Each repeat envelops a Ca 2+ core and can be classified as N-type or C-type on the basis of its sequence 10 . N-type repeats are 13 or 15 residues long, and their tertiary structures superimpose with an r.m.s. deviation of B0.35 Å for all Ca atoms (Fig. 2b) . C-type repeats are 23 residues long and superimpose with an r.m.s. deviation of B0.36 Å (Fig. 2c) . Each repeat binds two Ca 2+ ions, except 5N and 12N, which bind only one (Supplementary Table 1 ; 5N denotes the fifth repeat, which is an N-type repeat). In addition, single Ca 2+ ions are bound at the interfaces of 2N and 3C and of 10N and 11C (Fig. 2d) . The individual Ca 2+ -binding repeats are linked by disulfide bonds to each other in an arrangement that resembles struts along the wire axis, probably enhancing the overall rigidity of the wire element. Notably, the circular dichroic spectrum of a THBS2 construct comprising only its aspartate-rich repeats has a Ca 2+ -dependent ellipticity minimum at 203 nm, characteristic of the circular dichroic spectra of all THBSs studied to date 13 . The repeat-only construct is denatured slightly more readily than the full signature domain 13 . Thus, the wire element forms a stable Ca 2+ -dependent structure that is independent of the rest of the signature domain. Independent folding by the wire, together with observations that the lectin-like domains of THBS1 (ref. 10 ) and THBS2 (ref. 14) are not soluble when expressed in isolation, implies that the wire may act as a scaffold in formation of the overall signature domain fold.
The globe lectin-like module is composed largely of b-sheets in a jelly-roll packing arrangement that is nearly identical in structure to the analogous fold from THBS1 (ref. 10) . Differences between the THBS1 and THBS2 structures of this module include the carbohydrate attached at Asn1069 in THBS2 and the presence of three bound Ca 2+ ions in the THBS2 globe, as compared to four in THBS1 (Fig. 1b,c and Supplementary Fig. 3 online). The residues that coordinate a fourth Ca 2+ ion in the THBS1 structure are present in THBS2 but are part of a meandering loop, in contrast to the tight circular loop observed in THBS1.
Extensive interactions occur among the components of the signature domain in its Ca 2+ -replete structure (Fig. 1c) . The third EGF-like module functions as a major organizer of the signature domain through its interactions with the wire element (repeats 1C, 12N and 13C), the second EGF-like module and the globe element. The lectinlike and second EGF-like modules make additional direct contacts with the wire element. The discovery of these interaction sites helps to explain the structural basis of disease-linked THBS mutations (discussed below).
DISCUSSION
Role of Ca 2+ in the THBS signature domain The large amount of Ca 2+ bound by the THBS2 signature domain is consistent with the documented sensitivity of THBS structures to changes in Ca 2+ concentration. Rotary shadowing EM experiments with THBS1 and THBS2 have shown highly Ca 2+ -dependent dynamics within the signature domain [15] [16] [17] . From comparison of the present structure and the rotary shadowing images, it seems that upon removal of Ca 2+ , EGF3 and part of the wire dissociate from the globe module, forming an extended structure along with components closer to the N terminus. Solution spectroscopic experiments have further shown that there are marked Ca 2+ -dependent changes in the structure of the THBS signature domain 13 . In the Ca 2+ -replete
Aspartate structure presented here, both the a v b 3 integrin- 18, 19 and CD47-binding sites 20 are buried and inaccessible. However, removal of Ca 2+ could alter THBS conformation to expose these sites, making them available for binding and thereby modulating the activity of THBS, as proposed previously 10 . The large number of bound Ca 2+ and the Ca 2+ -dependent conformational changes in the structure of the THBS signature domain suggest that THBSs may act as both buffers and sensors of Ca 2+ concentration in solution.
Implications of structural differences among THBSs Two deviations from the canonical 23-residue C-type Ca 2+ -binding repeat are tolerated by THBSs. First, repeat 1C of human THBS2 contains a 13-residue insert between positions 10 and 11 ( Fig. 2d,e) . Despite this insertion, the residues of the interrupted halves of repeat 1C are positioned identically to C-type repeats without the insert (Fig. 2c) .
The insert forms a structured loop that is stabilized by a disulfide bond and interacts extensively with EGF3. An N-glycosylation recognition sequence is present at the apex of the inserted loop, and the proximal three saccharides are resolved in the structure ( Figs. 1 and 2 ). There is a similar insertion in the THBS1 sequence, whereas in THBS3, THBS4 and THBS5 the inserts lack the glycosylation sequence and are only ten residues long. The second tolerated variation is an insertion of four residues between positions 10 and 11 of repeat 11C in THBS3 and THBS4. From the structure presented here, it seems unlikely that an insertion this short could be accommodated without considerable 90°90°F igure 3 Disease-associated mutations or polymorphisms of THBSs mapped onto the signature domain of human THBS2. Yellow (with stick side chains shown), residues homologous to positions in THBS5 that are sites where missense mutations are linked to PSACH or EDM1 or homologous to the polymorphism in THBS1 that is linked to coronary artery disease; other coloring, as in Figure 1 . The wire module is shown in cartoon form with the rest of the signature domain shown as a surface representation to highlight the 62 positions of the missense mutations: 52 map to the wire region and 10 map to surfaces on the lectin-module. An additional 22 non-missense mutations are not highlighted but also map to the wire module ( Supplementary Fig. 2 ). Figure 2 Ca 2+ coordination in the stalk and wire elements of THBS2. Coloring is as in Figure 1 . disturbance of the 11C structure. This insert could distort the tertiary structure of the wire, making the structures of THBS3 and THBS4 different from that of THBS2. The importance of these variations is not clear, but they could impart specialized functions to the different members of the THBS family.
Structural analysis of disease-linked mutations
Because the previously solved structure of a portion of the signature domain from THBS1 (ref. 10) lacked the EGF-like modules as well as seven of the Ca 2+ -binding repeats of the wire and the four glycosylation sites of the structure described here ( Supplementary Fig. 3 ), it could not offer a complete structural interpretation of the molecular basis of disease-associated genetic variations in the domain. In particular, the present structure highlights the highly intertwined nature of the THBS signature-domain fold, with numerous interfaces existing between distal elements of the structure. The importance of the many interactions within the signature domain is evidenced by the identification of disease-linked genetic alterations at predicted interaction sites in THBS1, THBS4 and THBS5 ( Fig. 3 and Supplementary Table 2 online). A polymorphic residue in THBS1 (N700S) associated with premature coronary artery disease 7 maps to wire repeat 1C near the interaction site between EGF3, the wire and the globe. The homologous residue in THBS2, Asn702, coordinates Ca 2+ through a water molecule (Fig. 2c,e) , a finding consistent with the decrement in Ca 2+ -binding associated with the Ser700 allele 21 . A polymorphism in THBS4 (A374P), also associated with premature coronary artery disease 7 , is in an extra EGF-like module that is most similar to EGF2 of THBS2. The extra EGF-like module of THBS4 is in a position that would require it to serve the role of EGF2 of THBS2 in the signature domain and interact with the wire, which therefore could be altered in the THBS4 variant. Over 100 signature-domain mutations in THBS5 (also known as cartilage oligomeric matrix protein, or COMP) have been associated with the bone and joint diseases PSACH and EDM1 (Supplementary Table 2 ) 8, 9 . These mutations cause disease through the intracellular accumulation of unstable or misfolded protein in chondrocytes 22 . Of the disease-linked THBS5 mutations, 81 are missense mutations that change residues at 62 different positions in the signature domain. Of the 62 positions, 51 are wire residues that are identical between THBS2 and THBS5 and all but 9 are involved in coordination of Ca 2+ , disulfide formation or globe-wire interactions in THBS2 (Fig. 3 and Supplementary Table 2 ). Twenty-two additional disease-linked mutations result in insertions or deletions of residues in the wire and would disrupt its proper spacing. Thus, the disease-causing mutations in THBS5 target features that are crucial for the Ca 2+ -sensitive structure of the wire or for the interactions between the wire and the globe.
The structure presented here provides perspective for examining the functions of THBSs. Until now, activities have been assigned to various parts of THBSs using antibody mapping and other techniques 23 . However, it is now clear that THBSs cannot be considered a mosaic of independent domains, but instead have a convoluted structure stabilized by multiple interactions. Because Ca 2+ has a dominant role in the formation of the final fold of the signature domain, fluctuations in Ca 2+ concentration probably change the function of THBSs by regulating the nature of the interactions mediated by the domain. It will be important to learn how THBSs change in structure and function as Ca 2+ is depleted and to identify cellular compartments in which relevant changes in Ca 2+ concentration occur. In short, the present structure offers both a rationale for the structural consequences of the numerous genetic changes in THBSs that are associated with disease and a foundation for understanding how THBSs normally function.
METHODS
Expression and purification. Recombinant human THBS2 signature-domain protein (residues 551-1172 with Ala-Asp-Pro and ARGHHHHHH N-and C-terminal sequence tags, respectively) was expressed in conditioned insect cell medium 24 . The expression protocol was modified for incorporation of selenomethionine (SeMet) into the protein 25, 26 as follows. High5 insect cells (Invitrogen) in SF-900 II serum-free (SFM) medium (Invitrogen) were infected at a multiplicity of infection of 5. Twenty-four hours after infection, the cells were centrifuged and resuspended in SF-900 II SFM methionine-and cysteinefree medium supplemented with dialyzed FBS (Atlanta Biologicals) to 10% (v/v) and 0.15 g l À1 cysteine. After 4 h of growth at 27 1C, the cells were centrifuged, resuspended in SF-900 II SFM methionine-and cysteine-free medium supplemented with 0.15 g l À1 cysteine, 10% (v/v) FBS and 1 g l À1 SeMet and grown for 48 h before harvesting. Soluble THBS2 signature domain was purified by nickelchelate affinity chromatography (using Qiagen nickel resin) and dialyzed into low-salt buffer (20 mM MOPS, 50 mM NaCl and 2 mM CaCl 2 ). The dialysate was further purified by MonoQ ion-exchange column (Amersham Biosciences). Pure protein was concentrated and dialyzed into 5 mM MOPS, 2 mM CaCl 2 and 100 mM sodium acetate (pH 7.5) for crystallization.
Crystallization of SeMet-incorporated signature domain. The THBS2 signature domain was crystallized using the hanging drop vapor diffusion method at room temperature. Protein (1 ml) was mixed with 1 ml of mother liquor (100 mM Tris-Cl (pH 8.5-9.0), 200 mM sodium acetate and 30% (w/v) polyethylene glycol 4,000) and 100 mM glycine and equilibrated with mother liquor. SeMet-incorporated protein crystals required streak seeding from native crystals. Before data collection, crystals were stabilized by transfer to a cryoprotectant solution of the mother liquor supplemented with 25% (v/v) ethylene glycol and frozen directly in liquid nitrogen. Data collection and structure solution. Data were collected at 100 K at the Advanced Photon Source (BioCARS beamline 14-IDB) using X-rays of energies 12,662 eV, 12,958 eV and 12,658 eV. The structure was solved at 2.6-Å resolution using a combination of MAD phasing and molecular replacement ( Table 1) . MAD data were indexed and scaled using HKL2000 (ref. 27 ). Selenium sites were found using SOLVE 28 and refined using MLPHARE 29 . Solvent flattening with DM 29 resulted in poor-quality experimental electron density. To aid in building, a model of THBS1 that included the lectin-like domain and several of its proximal aspartate repeats 10 was manually placed into the electron density maps by fitting the sulfurs from the THBS1 methionines to the selenium sites determined as above. 
